Abstract: This work presents the results of our studies on the electromagnetic interference shielding effectiveness of small-in-size samples of ferrite composition microwave absorber prepared by using the ceramic method. The shielding effectiveness measurement was performed using the complex intrinsic parameters of the material. The coaxial holder method with the well-known test technique based on transmission/reflection measurements was used in the experimental setup. Complex intrinsic parameters were measured in the frequency range of 2-18 GHz by using the Nicholson-RossWeir (NRW) method with an automated test setup. First, the shielding effectiveness was measured by conventional test method and then it was calculated using complex intrinsic parameters with the NRW method. Comparison was made between measured and calculated SEs. By using a new method the SE was determined as a function of the complex intrinsic parameters of materials ϵ , µ , and frequency. This method is preferred in order to provide higher accuracy in determining material electromagnetic shielding effectiveness for small-in-size materials. For the first time, the shielding effectiveness of small-sized samples has been measured in the frequency range between 2 and 18 GHz by using the NRW method.
Introduction
The electromagnetic noise generated by man-made devices has increased over the last few decades. Electromagnetic interference (EMI) is an electromagnetic noise that has adverse effects on public health in addition to malfunctioning of electronic equipment. In order to reduce these effects, many novel materials were synthesized, such as EMI shielding screens, screen coatings, flexible conductor screens, shielding textiles, and broadband microwave absorbers.
Ferrite-based absorbers are one of the most appropriate materials for suppressing EMI due to their complex intrinsic parameters. Designing the composition of EMI shielding materials with the desired level of attenuation is not an easy task, which involves a coaction of complex intrinsic properties ( σ , ϵ, and µ ) of shielding materials.
The characterization of their electromagnetic properties is intensively studied, as well as the synthesis of absorbers [1] [2] [3] . One of the most important parameters to characterize the absorber materials is the shielding effectiveness (SE) parameter. There are several methods for measuring the SE of absorber materials. However, for small samples of only a few centimeters or less than a centimeter in size, test standards and evaluation * Correspondence: isa.araz@tubitak.gov.tr procedures are not available. The conventional test standards, MIL-STD-285 [4] and ASTM D4935 [5] , were prepared for evaluating the shielding effectiveness of relatively large plane structures. However, these standards cannot be used for nanoengineered and nanoreinforced materials due to their limited operating range and relatively large dimensions required. Several recent studies focused on the development of new methods or alternative measurement devices to characterize the shielding properties of nanoengineered materials in smallsized structures [6, 7] . All these previous studies mainly recommended alternative methods similar to the ASTM D4935 standard by modifying the insertion loss measurement. In those studies, a new sample holder is used each time for different materials and each time validation of the sample holder is required. Additionally, in the ASTM D4935, a coaxial waveguide holder with interrupted inner conductor is also used, which further causes a contact resistance problem. In order to overcome contact resistance, a reference specimen and reference measurements are required [8] .
In this study, we recommend using the standard test setup and the standard calibrated test fixture as a sample holder and hence the validation of the sample holder is not required each time. In the proposed method, the inner conductor is not interrupted. Therefore, a reference specimen and reference measurements are not necessary. The main drawback of our test method is the requirement for a sophisticated extraction algorithm, which was prepared according to the Nicholson-Ross-Weir (NRW) method. However, this method is practical and reliable in high-frequency SE measurements for small and flat samples.
In this study, first of all, we measured all S parameters following the ASTM D5568 14 Standard and then extracted complex intrinsic parameters using the measured S parameters of the prepared sample [9] . Then we calculated the SE using the NRW method with complex intrinsic parameters and compared the results with the measurement results obtained similar to the ASTM ES7-83 [10] method. The ASTM ES7-83 Test Method for Electromagnetic Shielding Effectiveness of Planar Materials (Withdrawn 1988) is based on voltage (U1, U2) measurements. U1 is the voltage measured at the output of the sample holder/waveguide without sample material and U2 is the voltage measured at the output of the sample holder/waveguide with sample material.
The effectiveness of the shielding parameter of a small sample was measured for the first time using the NRW method. The results are reported for a broad spectrum of frequencies.
Shielding effectiveness
The shielding theory is derived from Maxwell's equations. Schelkunoff derived the shielding effectiveness of an infinitely spread thin surface from shielding theory in 1943 [11] and a further study of shielding was carried out by Shulz et al. [12] . The total shielding effectiveness was defined in logarithmic scale and calculated by using the following equation [11] [12] [13] :
The multiple path reflection loss (MIR) is usually omitted in the high-frequency band ( ∼1 GHz or higher). The reflection loss (RL) and the absorption losses (AL) are calculated by using the measured complex scattering parameters, S11 and S21, from the following formulas [11, 14] :
Alternatively, the reflection loss (RL) and the absorption loss (AL) parameters can be obtained precisely by using complex material permeability and permittivity by using the NRW technique. The NRW technique is presented in Section 4.
Sample preparation
The Co-doped barium hexaferrite (BaFe 11 CoO 19 ) is chemically composed of BaCO 3 , Fe 2 O 3 , and CoO (all at 99.999 % purity). In order to increase the crystal growth at lower temperatures 1 % boron (B 2 O 3 ) was added [15] . It was synthesized using conventional mechanical powder processing techniques for ceramic materials. The synthesized powder was pressed to get a 3-mm-thick toroid-shaped pellet. The prepared pellet was sintered at a temperature of 1000
• C for 2 h. The results of the characterization of the prepared sample were reported by Araz et al. [16] .
Measurement and calculation details
The processes for defining the attenuation level of an EMI shield can be complicated depending on the applications. Some of the well-known test methods for shielding performances are shielded room, coaxial transmission line method, open area, and shielded box test [17, 18] . The complex intrinsic parameters of screening materials critically influence the EMI shielding performance. That is why it is so important to calculate them correctly.
The complex intrinsic dielectric permittivity and magnetic permeability have real and imaginary parts.
The T/R measurement technique is a well-known method for extracting the complex dielectric permittivity and magnetic permeability. There are several extraction techniques [19, 20] . Determining the extraction method depends on parameters such as the length of the sample, measured S-parameters, conversion speed, and accuracy in results. The NRW method is the commonly used one and it allows the calculation of both the complex permittivity and complex permeability directly from the measured S-parameters.
In this study, first of all, we measured S-parameters, which allowed us to extract the complex intrinsic parameters of the sample by following the ASTM D5568 standard by using the T/R method. In the experimental test setup, we used a standard 7-mm coaxial airline as a sample holder. Then we extracted complex permeability and permittivity from the measured S-parameters. We further precisely determined the reflection loss and absorption loss parameters by using the NRW formulas, instead of directly using the S-parameters. After that, we calculated SE parameters according to Eq. 1. Finally, we measured SE according to the ASTM ES7-83 Standard and compared the result with the result of SE calculated by the NRW method. To extract the complex permeability and permittivity values from the measured S parameters, we developed a MATLAB algorithm using the NRW method. We compared the results of complex intrinsic parameters that were obtained with our program and with commercial software (HP Company, Material Analyzer Software).
SE measurement with coaxial holder method
Theoretically, SE (dB) can be associated with the insertion loss (IL) of the sample because the sample is placed between the source and signal analyzer. Regarding the ASTM ES7-83 Standard, the vector network analyzer was used to perform SE (dB) and the insertion loss might be explained in terms of the transmission scattering parameters S21S and S21E, with ('S' stands for sample) and without ('E' stands for empty) the material sample, respectively.
We put the prepared sample tightly inside the coaxial airline waveguide and then performed the S21 parameters by using a vector network analyzer (VNA) in the frequency range of 2-18 GHz. In the beginning, we connected a coaxial airline to the two-port vector network analyzer (HP model 8510-3) and calibrated it.
After the calibration, we recorded S21E data without a sample in the air as a reference. Then the toroid-shaped sample was tightly placed inside the coaxial airline (7-mm) waveguide. After that we started the measurement of complex S21S data. The automation measurement used in the test setup can be seen in Figure 1 .
Outer conductor Inner conductor 6.95 mm 3.05 mm Prepared toro dal shaped sample Figure 1 . The S parameter measurement test setup for using a two-port VNA (top), a schematic representation of sample inside the sample holder (middle), and picture of prepared sample (bottom).
We used the HP type standard calibration kit (HP 85051-60007, 7 mm, 50 ohm airline) as a coaxial airline in the measurements. Its dimensions are 7 mm outer diameter, 3 mm inner diameter, and 10 mm length. In our case, the dimensions of the sample are 6.95 mm outer diameter, 3.05 mm inner diameter, and 3 mm length. A picture of the synthesized sample and schematic representation of the sample inside the sample holder are seen in Figure 1. 
SE calculation with NRW method
According to the NRW method [21] [22] [23] , the complex reflection coefficient is defined as:
The appropriate sign is chosen in order to get abs ( Γ ) ⩽ 1. In terms of S parameters, X can be written as
The complex transmission coefficient is defined by the following equation:
In order to extract the complex permittivity and permeability of the sample, the measured S values are used.
Subsequently, the reflection losses (RLs) are precisely calculated using the following equations [13, 24, 25] :
where
and
Here, Z r is impedance of the waveguide with the sample and Z o is impedance of the empty waveguide (air), and d is the sample length in cm and f is the frequency. The absorption loss (AL) is obtained by using Eq. (3).
Finally, total SE is calculated using Eq. (4) and (5). However, here, S11 and S21 are not used from measured raw data.
They are derived in terms of Γ and P based on the NRW formulas as appeared in Eqs. (13)- (15) . Figure 2 . Transmitting of electromagnetic waves through and reflecting from a sample in a transmission line [26] .
As shown in Figure 2 , it is possible to relate the scattering parameters of the P and Γ coefficients to S ij using the normal ray tracing method or the impedance method.
Here, Z = e −P d , R i = e −PairL air1/2 i=1,2, and
Z is the impedance waveguide with sample, Γ and P are reflection and propagation coefficients, d is the sample thickness in cm, L air1 is the air gap length between calibration plane 1 and sample, L air1 = D2-D1, and L air2 is the length of air between calibration plane 2 and sample, L air2 = D4-D3 as seen in Figure 3 . P air is the propagation coefficient in the air. Take into account that the cutoff wavelength is approaching infinity ( λ c goes to ∞ ) in the coaxial airline. A schematic representation of the test sample inside the coaxial test holder is seen in Figure 3 . In the case of our studies the dimensions are as follows: D1 = 3 mm, D2 = 3.05 mm, D3 = 6.95, mm and D4 = 7 mm.
Results and discussion
The experimental setup, according to the ASTM 5568 Standard, consists of an HP model 8510-3 Vector Network Analyzer (VNA) and a 10-mm-long gold-plated coaxial airline with a precision 7-mm connector. Before starting the measurement, we calibrated the VNA using the two-port measurement method by measuring the reflection and transmission coefficients in the 2-18 GHz frequency range. Then we connected an empty coaxial airline between the input and output ports of the VNA and performed an S-parameters measurement to check for any connector mismatches. After the calibration and verification procedure, we performed an SE measurement using a method similar to the ASTM ES7-83 Standard. First of all, we performed a thorough transmission measurement without a sample inside the coaxial airline to obtain S21 in dB. In the second step, we put the prepared toroidal-shaped sample inside the 7-mm coaxial airline and then S21 data were recorded again in dB units. Finally, we performed four S parameter measurement again in the 2-18 GHz frequency range. We extracted the complex intrinsic permeability and permittivity from the measured S values using both our proprietary MATLAB algorithm based on the NRW method and commercial software. The compared results are shown in Figures 4-7 .
First, we measured SE using a conventional test method similar to the ASTM ES7-83 Standard as seen in Figure 8 . In the second step, we calculated using the extracted complex intrinsic parameters absorption loss (AL) and reflection loss (RL) as seen in Figures 9 and 10 . In the third step, the shielding effectiveness (SE) was calculated as presented in Figure 11 (black line). Finally, we compared the calculated SE with the measured SE as seen in Figure 11 . The obtained reflection loss results are calculated using the extracted complex intrinsic parameters. They were extracted using our proprietary algorithm and then compared with the result obtained using the commercial material characterization software by HP Company. The extracted complex intrinsic parameters are shown in Figures 4 to 7 . The results obtained using our software are almost identical to those of the commercial software. There is only a slight phase shift. We can say that this phase shift comes from the wavefront rotation before and after the sample in the waveguide. Probably there are physical path distance differences between our algorithm and the commercial one. Figure 9 shows the mean value of the absorption loss, which was found to be around -15.9 dB. The average reflection loss obtained is around -19 dB as seen in Figure 10 . The results of the reflection loss calculation obtained using both our proprietary algorithm and the commercial one are shown in Figure 10 . There is only a slight amplitude difference. We can say that this amplitude difference comes from the phase shift. Additionally, it may also come from the difference in data fitting methods between the commercial algorithm and ours. Considering the extraction results and calculated reflection loss results, our algorithm works quite well compared with the commercial one so the calculated results should be reasonable. All the presented plots were obtained using the fitted data. It appears that the impedance mismatch in the connector in the 2-4 GHz frequency range that arises due to the variation is higher in that measurement frequency range. The average reflection loss obtained is around -19 dB and it is almost flat in the 4 to 16 GHz frequency range. At higher frequencies, the reflection loss slightly increases up to -21.5 dB as expected. We can see the same effects on the shielding side. That is the higher difference in the 2-4 GHz frequency range as seen in Figure 11 . There is a slight amplitude difference between the calculated and measured SE values. However, the calculated SE and the measured SE exhibit the same behavior, except for in the high-frequency region. Since the resonance region is close to 12 GHz, SE is expected to be flat, except in the resonance region. Moreover, SE represents more or less the same characteristic with the loss mechanism, which is mostly driven by the reflection loss. Calculated shielding effectiveness value was found to be around 35 dB in the resonance region. It is increasing slightly in the higher frequency range, as expected, because of the increased reflection loss at higher frequencies as seen in Figures 10 and 11 . On the other hand, the measured SE value was found to be around 36 dB in the resonance region, decreasing slightly in the higher frequency range, which basically reflects the transmission (S21) characteristics. In the NRW method, we can find the frequency dependence of RL precisely. We can easily determine or estimate the frequency dependence of the SE performance of material from the RL results without normalizing the transmission power. In this respect, we can understand that SE calculated using the NRW method can be accepted as the correct and reliable results for small samples. Besides the reliability of this new SE measurement method, there are also some other advantages. First of all, we can use the standard measurement method and setup to find the complex intrinsic parameters. Second, we can use the standard calibration toolkits as a sample holder such as the coaxial airline and rectangular waveguide with respect to our measurement frequency range. Thus, there is no need to prepare and calibrate sample holders as in the case of the conventional SE test method and similar test methods [1, 4, 5] . On the other hand, the need to prepare the sample to fit tightly in the sample holders and to use the extraction algorithm are the drawbacks of this method. The commercial algorithm is expensive and gives out extracts only of the complex intrinsic parameters.
Conclusion
The shielding effectiveness determination was done by measuring complex S parameters using a commercial automated measurement setup. Then, using the measured S parameters, the complex permittivity and complex permeability of the toroid-shaped sample were extracted using a proprietary MATLAB algorithm. For the first time, the reflection loss and absorption loss of the ferrite composition have been calculated using the NRW method and the total shielding effectiveness has been obtained. The calculated shielding effectiveness value is around 35 dB and is almost flat between 4 GHz and 16 GHz.
There are similar studies on electromagnetic properties of barium hexaferrite with different substitutions.
La-Co-substituted barium hexaferrite (Ba 1−x La x Co x F e 2−x O 19 (x = 0.0, 0.1, 0.5, 0.6)) was studied by Srivastava et al. [27] . They found that the maximum reflection loss of 16.5 dB occurs at 17.59 GHz. Additionally, they showed that the real part of the permittivity was around 6 and real part of the permeability was around 1.6 in the 12-18 GHz frequency range. In another similar study, the magnetic and microwave absorbing properties of BaFe 12−2x Co x Zn x O 19 (x = 0.0; 0.2; 0.4; 0.6) were reported by Handoko et al. [28] . They reported similar values of complex intrinsic parameters of Co-and Zn-doped barium hexaferrite materials. It can be concluded that the numerical data in our study are consistent with the literature on ferrite materials.
The coaxial transmission air line technique with the NRW method is easy and usable for the measurement of shielding effectiveness of thin RF absorber materials in a wide frequency range but is suitable only for small samples.
